Abstract. This article reports the results of the fabrication of large arrays of nanopillars for future tribological experiments. This fabrication focused on achieving a constant high aspect ratio up to 1∶24 and a separation between each pair of adjacent pillars. Electron beam lithography was used to write patterns in hydrogen silsesquioxane (HSQ) negative tone resist. To achieve nanopillars of high aspect ratios and with smooth sides, deep reactive ion etching was employed with SF 6 and O 2 at cryogenic temperatures. Finally, the residual HSQ was removed using CHF 3 ∕O 2 plasma etching in order to obtain a smooth finish. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Fabrication of high-aspect ratio silicon nanopillars for tribological experiments Pavlo 5 etc. Independently of the area of application, the most important points of interest of nanofabrication control are the shapes that can be manufactured, including the aspect ratio of extreme shapes such as nanopillars, and the reproducibility with which the final structures can be produced. We report the fabrication of well-ordered nanopillar arrays for tribological applications. We utilize their mechanical properties in an attempt to influence the friction between dry and unlubricated surfaces. We expect friction to be affected significantly by the simultaneous and spontaneous motion of the nanopillars. We choose the dimensions of the nanopillars such that they exhibit transverse vibrations with an extremely high natural frequency of several GHz and above, in combination with a significant vibration amplitude at room temperature, typically on the order of an interatomic distance. Under these conditions, we foresee that when the nanopillars are brought into mechanical contact with a flat counter-surface, each nanopillar will conduct an independent, diffusive random walk over the counter-surface. This should reduce the lateral force required to translate the nanopillar array over the countersurface to nearly zero at low sliding velocities. This reduction of the coefficient of friction can amount to several orders of magnitude. This behavior has been investigated theoretically for the tips of atomic force microscopes (AFM) or friction force microscopes (FFM) and is known as thermolubricity. 6 In order to obtain the same behavior for the contact between two macroscopic bodies, we propose to shape one of the two surfaces in the form of a vast array of nanopillars with the same mechanical properties as the AFM or FFM tips in terms of typical vibration frequency and amplitude. For this purpose, it is essential that over distances even as large as centimeters the nanopillars all be produced with precisely the same length and with minimal variation in diameter, so that the number of nanopillars over which the contact forces are distributed is maximized and each nanopillar in the contact has the same mechanical characteristics.
A wide range of literature is available for describing the different methods for producing nanopillar arrays. As an example, the traditional method of so-called "natural lithography" 7, 8 serves as a flexible and affordable technological platform, both technically and economically speaking, that provides good control over the pitch and sharpness of the structures. 9 On the other hand, it is not possible to avoid irregularities in the pattern of pillars, which do not match the quality that is required for our tribological application. Photography-and holography-based lithography could be effective approaches, but the need for individual masks for each pattern and the low achievable resolution limit the effectiveness of this method. 10, 11 Further, catalytic etching is a fast and versatile method for obtaining vertical submicron structures. However, the resolution and homogeneous separation of the structures still pose challenges. 12 Nanoimprinting 13 is not a suitable tool due to the difficulty in varying the aspect ratio of the resulting structures. These factors explain our preference for electron beam lithography. [14] [15] [16] Using this method, it is possible to produce large areas of circular patterns with a precision of 2 to 5 nm within a few seconds. Electron beam lithography enables us to manufacture the necessary patterns of nanopillars with sizes up to several square centimeters following the same established recipe while maintaining high quality and reproducibility. With most of the other methods discussed above, it is much more difficult to produce versatile nanopillar arrays on the macroscopic scale. Figure 1 schematically shows the main steps of the nanopillar fabrication process. As substrates, we used 10 × 10 mm pieces of Si (100) wafer (p-type). Prior to processing, samples were cleaned in two steps. First, they were placed for 5 min in acetone in an ultrasonic bath and were then rinsed with deionized (DI) water. Second, the samples were transferred to a fuming nitric acid (99.9%) HNO 3 bath and kept there for 7 min. They were then rinsed with DI water and dried with N 2 . In order to remove residual moisture, the Si samples were baked for 2 min at 250°C. To achieve a high resolution and high selectivity electron beam pattern generator (EBPG) mask and a subsequent low etch rate, 7 a negative tone hydrogen silsesquioxane (HSQ) resist was used (XR-1541 Dow Corning, 6% in H 2 O). The HSQ resist was first heated to room temperature, after which it was applied directly to the Si substrate, as it did not require any primer due to its strong atomic binding to the substrate. Spin coating was conducted for 55 s at rotation speeds in the range of 4000 to 5500 rpm, depending on the required aspect ratio of the pillars. The final resist layer thickness ranged between 80 nm at low rotation speeds and 60 nm at high speeds.
Nanopillar Fabrication
To obtain a high contrast of lithography, the samples were then baked at 80°C for 4 min. The nanopatterns were written in the HSQ layer by means of a Vistec 5000+ EBPG. The thinnest nanopillars that we have manufactured had a diameter of 50 nm. All patterns were specified by use of the AutoCAD 2013 program, then converted to the corresponding EBPG format. Typically, each of the nanopillar arrays was generated over an area of 50 × 50 μm. Optimum resolution was achieved for an electron dose of approximately 1950 μC∕cm 2 at an acceleration voltage of 100 kV. After exposure, the patterns were developed in a 25% tetramethylammonium hydroxide solution in H 2 O for 30 s at a temperature of 80°C. Immediately afterward, the samples were carefully rinsed with DI water for 30 s and flushed with N 2 . We used cryogenic deep reactive ion etching (DRIE) to etch the pillars. This technique is the most powerful and precise method of making high-aspect-ratio objects in Si. 11, [17] [18] [19] The etching was carried out in a Adixen AMS-100 Plasma Etcher. The discharge was generated by an RF inductively coupled plasma source directly connected to the working chamber, as shown in Fig. 2 . The second RF source was connected directly to the specimen table to provide sufficient directional ion bombardment onto the surface of the sample.
The sample was clamped to a cryogenic holder that was cooled by a flow of liquid N 2 . Helium was back-streamed below the holder in order to provide enough thermal contact between the sample and the holder so as to maintain a precise working temperature of −120°C (AE0.5°C). SF 6 was chosen as the working gas, as this provides active fluorine atoms on the sample to react and form an etching product with Si, which is a volatile SiF 4 . Oxygen was added to the mixture of SF 6 in order to passivate the sidewalls of the vertical structures during etching and thus avoid undercut. The gas flow ratio for this process was established experimentally as SF 6 ∶O 2 ¼ 6.6∶1; specifically, the flow rate of SF 6 was 200 sccm and that of O 2 was 30 sccm, at a total chamber pressure of 6 mbar. An important point to note is that the amount of oxygen could vary as it depended strongly on the size of the structure and the exposed area of the silicon surface. The RF power was set to 1100 W and the bias voltage to −40 V. With these moderate conditions, we achieved a typical etch rate of Si of approximately 2400 nm∕ min with a selectivity of 80∶1 with respect to the HSQ resist. This process produced nanopillar arrays with varying aspect ratios (Fig. 3) .
Removal of Resist Residues
Because the prime objective of producing these structures was to study their tribological (i.e., frictional) properties, it was also important to have control over the shape of the apex of the pillars. This issue was addressed in combination with the removal of the resist residues that remained on top of the pillars after the DRIE procedure. We considered three options for the removal of the HSQ residues. The first option was to dissolve these residues, which are chemically similar to SiO 2 , in a hydrofluoric acid (HF) solution. We found that a 7% buffered HF solution readily dissolved the HSQ residues, as was expected, but that this treatment had a deleterious effect on the shapes of the pillars, especially for aspect ratios more extreme than 1∶12. After HF etching, these had become very rough or were even destroyed completely. Because there was some under-etching effect below the resist, the very top of the pillars had the smallest diameter (see Fig. 3 ). The second option was therefore to use wet etching of the pillars in order to shrink their diameter uniformly until the residues would detach. It was reported in Ref. 21 that it is possible to slowly and uniformly shrink the diameter of pillars by etching them in dilute aqua Fig. 1 Schematic of the step-by-step fabrication process of the nanopillar arrays. regia. In line with the recipe of Ref. 21 , we immersed our samples in a solution of HNO 3 ∶HCl∶H 2 O ¼ 1∶3∶6 (volume fractions) for approximately 12 h. However, the result showed a negligible etch rate and did not provide any significant changes. We speculate that the DRIE etching at −120°C with O 2 for passivation had provided extra-smooth side interfaces with low densities of chemically active sites, which could have resulted in the negligible effect of dilute aqua regia on the nanopillars. The third and only successful option was to again resort to the method of plasma etching. Utilizing an inductively coupled CHF 3 plasma in combination with O 2 for passivation provided the required combination of high anisotropy and selectivity between silicon dioxide and silicon. The etching process was conducted in a Leybold Heraeus plasma etcher at room temperature. The following etching parameters were found to achieve the optimal result: a flow of 50 sscm CHF 3 and 2.5 sccm O 2 , 50 W RF power, and −680 V bias voltage at a typical total pressure of 6 to 7 mbar. Under these conditions, the etch rate of silicon dioxide was approximately 36 nm∕ min, whereas that of silicon was some three times lower. This method allowed us to avoid a bigger undercut and to sharpen the pillars from the top. In Fig. 4 , we demonstrate this effect for the example of pillars with an aspect ratio of 1∶10. A minor smoothing effect was observed on the pillars during the etching process. We note that this treatment had a deleterious effect on the shapes of pillars with extreme aspect ratios, such as 1∶24 (not shown here). That is why we decided not to (completely) remove the HSQ residues for those pillars. Depending on the etching time, the average radius of curvature of the apexes of the pillars with aspect ratios less extreme than 1∶10 varied from approximately 30 to 12 nm for each specific pattern. This effect is illustrated in Fig. 5 for the case of nanopillars with an aspect ratio of 1∶10. 
Summary
In conclusion, we have shown that an application of DRIE at cryogenic temperatures produces large, absolutely reproducible, and well-ordered arrays of nanopillars with different aspect ratios up to 1∶24 over distances of at least 50 μm.
We have also applied RIE plasma etching to vary the shape of the pillar apexes by means of etching of the HSQ resist residues. In combination with e-beam lithography, the method shows excellent versatility, anisotropy, and selectivity. The nanostructures produced will be used to study their tribological properties in order to manipulate adhesion and to reduce dry, unlubricated friction.
